A new piston alloy based on a hypo-eutectic AlSiCuNiMg system was developed for semi-solid forming. The Si content was optimized to obtain proper semi-solid slurry based on thermodynamic calculations and experiments. The contents of Cu, Ni and Mg were kept similar to those of a commercial piston alloy to retain good heat resistance and high-strength properties. The high-quality semi-solid slurry with fine and uniform globular characteristics for semi-solid forming can be obtained at a low pouring temperature of 615°C. The conditions of a T6 heat treatment for the developed alloy are optimized as follows: solid solution treatment at 520°C for 6 h and an aging treatment at 160°C for 5 h. The mechanical properties, in this case hardness, high-temperature tensile strength, relative wear resistance, and high-temperature creep, were evaluated by the specimens which were taken from the rheo-diecast products and the results were compared with those of a conventional metal mold cast piston.
Introduction
Many automobile parts are manufactured with Al alloys to reduce the weight of cars in order to increase fuel mileage, especially considering the ongoing environmental problems. Among these parts, the piston head, a part for which heat resistance and wear resistance are important, is produced with AlSiCuNi alloys. In addition, this part is manufactured by gravitational metal mold casting, as it must have few inner defects such as porosities and blisters due to its hightemperature operational environment. The eutectic AlSi alloy is used because it is convenient for gravitational metal mold casting, and its heat resistance and wear resistance are improved with additions of elements such as Cu, Ni and Mg intermetallic compounds as well as primary Si particles. 1, 2) However, in order to function as a heat-resistant and wearresistant material, the distribution of the various precipitated phases should be uniform and the particle size should be fine. Gravitational metal mold casting is essentially limited in terms of its usefulness in controlling the microstructure. In addition, gravitational metal mold casting has the drawbacks of high post-processing costs and low productivity. Recently, efforts have been made to apply electro-magnetic (EM) stirring in an effort to increase the microstructural control of conventional AlSiCuNiMg alloy for pistons and to adapt this technique to the rheo-diecasting method, which is highly productive and which allows for near net-shape forming.
3) It is well known that the application of EM stirring can obtain a uniform distribution of primary Si particles through the effect of a uniform solute field, improving the mechanical properties through a fine and uniform distribution of ¡-Al particles and intermetallic compounds.
410) The rheo-diecasting process allows for a T6 heat treatment, which is difficult in HPDC, because the laminar flow feeding reduces casting defects such as porosity, thus improving the strength.
However, the AlSiCuNiMg alloy, the currently used piston material, is limited in its applicability to industry because the mushy zone is narrow due to the Si content in the eutectic zone and the process window is consequently narrow if EM stirring is applied.
In the present study, the Si content was optimized to make the process window adequate for EM stirring while retaining the Cu, Ni and Mg contents in order to retain high mechanical properties such as good heat resistance and high-temperature strength. The obtained alloy underwent EM stirring and rheo-diecasting and was then evaluated with reference to its potential use as a manufacturing alloy for pistons with excellent mechanical properties. To do this, a microstructural control scheme was enacted according to the EM stirring condition, and the T6 heat treatment conditions were determined for the prepared specimen. The mechanical properties of the rheo-diecast specimens were evaluated by performing high-temperature tensile, hardness, wear resistance and high-temperature creep tests on them. The results were then compared with those of gravitational metal mold casting parts made from currently used piston materials.
Experimental Procedure
The chemical composition of the AlSi based piston alloy used in the present study is shown in Table 1 . Figure 1 shows the calculated temperature versus the solid fraction curve and the calculated solidification sequences based on a thermodynamic calculation using the Thermo-Calc software. These sequences are as follows: © 2014 The Japan Institute of Metals and Materials eutectic (¡-Al + Si) + Y. In the sequences, Y denotes various intermetallic compounds. It is important to control the microstructural evolution of these precipitated phases, as the solidification microstructure is closely related the mechanical properties, such as the strength, heat resistance, and wear resistance.
The piston alloy was melted at 700°C for one hour following degassing prior to it being pouring into the slurrymaking vessel. Figure 2 shows the slurry-making system and the temperature measurement positions used in this study. The EM stirring apparatus consists of two pairs of poles that cause the rotation of an EM field. The intensity of EM stirring was set to be 10 A with the 220 V sing-phase and the frequency of 60 Hz, and thus the electromagnetic field of 0.03 tesla was led to aluminum molten metal in the slurry making vessel. As shown in Fig. 2 , the slurry-making vessel was made of stainless steel¯50 in diameter and 70 mm in length and the inside of the vessel was coated with BN. T cen in Fig. 2 denotes the temperature at the center of the slurry, while T sur denotes the temperature on the surface.
The slurry prepared by EM stirring was injected into an 85-ton die-cast machine to fabricate the rheo-diecast specimens. The prepared specimens underwent a T6 heat treatment through a solution heat treatment and an aging treatment.
For the microstructural observation, all samples were ground by SiC papers and polished on a cloth with a 0.04 µm diamond suspension. The microstructures were analyzed using an optical microscope fitted with a digital camera. The hardness, high-temperature tensile strength, relative wear resistance and high-temperature creep were measured and compared with those of commercial products created with the gravitational metal mold casting process.
Results and Discussions

Alloy design and slurry preparation
The rheo-diecasting process used in this study consists of two steps: (i) a procedure to prepare a semi-solid slurry and (ii) a process to inject the prepared slurry into a diecasting machine to manufacture the products. In the rheo-diecasting process, a semi-solid slurry is moved to a diecasting process immediately after the slurry fabrication stage. It is well known that an alloy with a narrow solidification range is not suitable for a semi-solid process due to the narrow processing window.
11) Castability in rheo-diecasting is closely related to the solidification rate of the slurry, which also affects the quality of the rheo-diecast products. The solidification rate, dfs/dT, is determined by dfs/dT * dT/dt. In the definition, dT/dt denotes the cooling rate and dfs/dT is the temperature sensitivity. The temperature sensitivity of the solid fraction is determined by the temperature versus the solid fraction curve.
12) The cooling rate, dT/dt, is associated with the rheodiecasting process, while the temperature sensitivity of the solid fraction, dfs/dT, is associated with the properties of the alloy. It is well known that the optimal solid fraction for rheodiecasting ranges from 0.3 to 0.4. Thus, the temperature sensitivity in this solid fraction range can be estimated when optimizing the alloy compositions. As the temperature sensitivity decreases, the castability of the semi-solid slurry in rheo-diecasting improves. According to the literature, 11) the critical value of dfs/dT was reported to be 0.015. This value was also adopted in the present study. The gravitational metal mold casting process is applied to reduce casting defects for commercial piston alloys such as the AC8A alloy. Alloying elements such as Si, Cu, Ni, and Mg are added to the Al base to enhance the heat resistance and strength. Commercial piston alloys were applied to rheodiecasting in some studies in an effort to overcome the low productivity of the gravitational metal mold casting process and to prevent casting defects which form during the HPDC process.
3) An AlSi eutectic alloy containing 12 mass% Si, such as the AC8A alloy, is difficult to apply to the rheodiecasting process due to the narrow mushy zone. Therefore, in this study, the appropriate Si content was calculated according to the thermodynamic criterion proper for rheodiecasting. The contents of the Cu, Ni, and Mg elements remained similar to those in alloys used in the area of commercial piston head manufacturing to retain the alloy heat resistance and high-strength properties. The thermodynamic criterion was based on the temperature sensitivity of the solid fraction («dfs/dT« < 0.015), which is a critical factor in alloy design. Figure 3 (a) exhibits the calculated solid fraction versus the temperature curve of AlSiCuNi alloys containing Si in the range of 6.011.0 mass% and with 4.0 mass% Cu and 2.0 mass% Ni according to the ThermoCalc simulation. As shown in the figure, the width of the mushy zone ("T L-ss ) increased to 8 mass% and then decreased. The temperature sensitivity of the solid fraction decreases as the solidification progresses, and it also decreases in terms of the Si content, as shown in Fig. 3(b) .
As shown in Fig. 3 , the mushy zone was widest at a Si content of 8 mass% and the temperature sensitivity of the solid fraction was 0.015 or lower if the Si content was 8 mass% or lower. For a Si content of 8 mass%, the temperature sensitivity of the solid fraction increased sharply at a solid fraction of 0.3. Based on the calculations, the proper content of Si was considered to be 7.0 mass%.
Considering that earlier work found that a high level of temperature sensitivity of the solid fraction degrades the quality of the slurry, if the difference in the solid fraction is greater than the temperature difference between the center and the surface, the vessel wall starts to undergo solidification rapidly immediately after the molten metal is poured into the slurry vessel. The formation of a solidified shell decreases the product quality by creating casting defects. Figure 4 shows the solidified shells formed in the slurry vessel when the temperature sensitivity of the solid fraction is high for two different Si contents of (a) 9.0 mass% and (b) 11.0 mass%.
It is well known that the microstructural properties of slurry are closely related to the pouring temperature of the molten metal into the slurry vessel. 13) Microstructural evolution was observed according to the pouring temperature during the process of preparing the Al7 mass%Si4 mass%-Cu2 mass%Ni1 mass%Mg slurry. Figures 5 and 6 show the microstructures at the center of the slurry and the cooling curves in the center and on the surface, respectively, of the slurry at the pouring temperatures of 645, 630 and 615°C. As shown in Fig. 5 , the density, uniformity, and globularity of the ¡-Al particles increased as the pouring temperature decreased. When the pouring temperature was 645°C, as shown in Fig. 5(a) , several coarse rosette-like ¡-Al particles were noted in the slurry. When the pouring temperature
Solid fraction, f Effects of Electro-Magnetic Stirring on Microstructural Evolution and Mechanical Propertiesdecreased to 630°C, the morphology of the ¡-Al particles became more globular and uniform, but fine ¡-dendrites were still observed around the ¡-Al particles. When the pouring temperature was 615°C, as shown in Fig. 5(c) , fine and uniform globular ¡-Al particles were obtained. The cooling curves in Fig. 6 indicate that the temperature difference between the wall surface and the center increases as the pouring temperature increases at an early stage of solidification. The nuclei created on the slurry vessel wall and the nuclei that were created later in the center were mixed; particle growth under this condition resulted in ¡-Al particles of various sizes and shapes. This result also indicated that the initial density of the nuclei generated was higher when the pouring temperature was lower due to the large amount of recalescence. The size and distribution of ¡-Al particles analyzed quantitatively on the microstructures shown in Fig. 5 are summarized in Table 2 . When the pouring temperature was 615°C, ¡-Al particles with a mean size of 50 « 5 µm were obtained. It was found that the globular ¡-Al particles became coarse ¡-Al particles and that the particle density decreased as the pouring temperature increased. Fine dendrites were found around the ¡-Al particles when the pouring temperature was 630°C or higher. It is considered that a small portion of the nuclei which selectively survived became coarse particles due to the high pouring temperature. Other nuclei were remelted, agglomerated, and eventually remained as fine dendrites. Figure 7 shows the microstructure of the fine dendrites generated at a pouring temperature of 645°C. The fine dendrites generated at a high pouring temperature caused unsoundness of the product shape when feeding the semi-solid slurry into the die cavity during the diecasting process. They also bring about liquid segregation and thereby deteriorate the mechanical properties of the final rheo-diecast products. 13) In the experiments described above, a high-quality semi-solid slurry having fine and uniform globular particles was produced at a pouring temperature of 615°C. 
Heat treatment and mechanical properties
The mechanical properties of the alloy used in this study can be improved by a heat treatment because the alloy contains various alloying elements which induce age-hardening, such as Si, Cu and Mg. However, for a general HPDC process using a die-cast machine, high-speed and highpressure feeding generates porosity defects in the product, which are known to be expanded by approximately 1000 times or more in volume during a heat treatment, resulting in problems such as blister defects or dimensional deformation in the products. In contrast, rheo-diecasting allows for an improvement of the mechanical properties through a heat treatment by suppressing porosity defects using a stable, laminar-flow slurry feeding pattern. Figure 8 shows the geometry and microstructures of the HPDC and rheo-diecast specimens as well as their appearance after a solution treatment of 6 h. As shown in Fig. 8(b-1) , the HPDC specimen had blister defects which had formed due to the expansion of micro-porosities during the high-temperature solution treatment. On the other hand, the rheo-diecast specimen had no blister defects despite the use of a solution treatment, as shown in Fig. 8(c-1) . The microstructures of the rheo-diecast specimen consist of fine and uniform globular ¡-Al particles. However, dendrites and porosities are found in the high pressure die-cast specimen. It is well known that aluminum parts with fine microstructures indicate high mechanical properties using a T6 solution treatment due to the short diffusion length through the grain boundary between the primary ¡ phase and the eutectic Si particles. 9, 14) In this study, the mechanical properties could be successfully improved through a T6 heat treatment because the microstructure was controlled to have fine and uniform globular ¡-Al particles by means of EM stirring. Figure 9 shows the results of a hardness test done under various solution treatment and aging treatment conditions. The solution treatment was performed for 010 h at temperatures of 500, 520 and 540°C. The aging treatment was carried out at a temperature of 160°C for 5 h. As shown in Fig. 9 (a), a hardness peak was generated after 4 h and then decreased when the solution treatment temperature was high (540°C). At the solution-treatment temperature of 500°C, the hardness gradually increased over time, reached a peak after 8 h, and decreased afterwards. The highest hardness, 70 HRB, was observed at 520°C after 6 h. Accordingly, the solution treatment condition was set to 520°C and 6 h. The aging treatment test was performed at 160°C over time, following a solution treatment of 6 h at 520°C. The test result showed that the hardness was highest with an aging treatment of 5 h. The optimal T6 heat treatment condition was determined to be a solution treatment of 6 h at 520°C and an aging treatment of 5 h at 160°C.
In this study, the mechanical properties of rheo-diecast products, specifically the high-temperature tensile strength, surface hardness, relative wear resistance, and high-temperature creep, were investigated in comparison with those of commercial piston products manufactured by gravitational metal mold casting. The compared commercial piston Fig. 8 The geometry of the test specimen and the optical pictures after solution treatment at 520°C/6 h; (a) the geometry and dimension of the test specimen, (b) the optical picture and microstructure of the HPDC specimen and (c) the optical picture and microstructure of the rheo-diecast specimen.
products were made of Al12Si4Cu2Ni1Mg alloy, often used for diesel engines, and Al12Si1Cu1Ni1Mg, often used for gasoline engines. Figure 10 shows the mechanical properties of the specimens. In the figure, A indicates a gravitational metal mold casting specimen made of the Al 12Si4Cu2Ni1Mg alloy, B is a gravitational metal mold casting specimen made of the Al12Si1Cu1Ni1Mg alloy, and Specimen C is a rheo-diecast specimen made of the Al 7Si4Cu2Ni1Mg alloy. A high-temperature tensile strength test was carried out at 300°C, and the results are shown in Fig. 10(a) . As shown in the figure, the ultimate tensile strength (UTS) of the rheodiecasting specimen was similar to that of Specimen A, and the elongation was improved by about 30%. When compared with Specimen B, the UTS value was increased by 25% and the elongation values were improved by 20%. This increase in the tensile strength properties may be due to the uniform globular ¡-Al particles and the intermetallic compounds.
The surface hardness is a very important mechanical property for piston parts because the piston head is exposed to continuous friction in the cylinder. In this study, the Rockwell hardness was measured by applying 100 N of pressure using a 1/16-inch metal ball. These results are shown in Fig. 10(b) . For Specimens A and B, primary Si particles formed due to the high Si content, leading to an increase in the surface hardness. The surface hardness of the rheo-diecast Specimen C was lower than that of Specimen A by about 5% but was higher than that of Specimen B by about 5% despite the fact that Specimen C did not contain any primary Si particles.
The relative wear resistance is an essential physical property related to friction resistance in the high-temperature operation environment of a piston. In this study, a pin-on-disc high-temperature wearing test was performed at 300°C to investigate the relative wear resistance by comparing the relative wearing weights. Figure 10(c) shows that the relative wear resistance of the rheo-diecast Specimen C was lower than that of Specimen A and higher than Specimen B, as in the case of the surface hardness. Specimen C, which had been expected to have low relative wear resistance due to the low Si content, showed excellent wear resistance due to its fine and uniform structure and due to the hardening effect of the heat treatment. Figure 11 shows the creep property of the specimens when a constant pressure of 130 MPa was applied at 250°C. The initial deformation rate of Specimen C was between those of Specimens A and B, but the deformation rate was low over time such that Specimen C did not break even after 60000 s, maintaining excellent mechanical properties even under the high-temperature and high-pressure conditions. Thus, the uniform and fine ¡-Al phase and the fine and nodular eutectic phase obtained by the heat treatment greatly contributed to the improvement of the mechanical properties (i.e., the hightemperature tensile strength, surface hardness, relative wear resistance, and high-temperature creep).
Concluding Remarks
In the present study, an alloy suitable for the rheodiecasting process was developed by improving the conventional Al12 mass%Si4 mass%Cu2 mass%Ni1 mass%Mg alloy currently used in the manufacturing of pistons. Considering a mush zone and temperature sensitivity of the solid fraction adequate for rheo-diecasting, the Si content was determined to be 7 mass%. In order to obtain a microstructure containing fine and uniform globular ¡-Al particles during the preparation of the slurry, the pouring temperature, which is considered to be closely related to the microstructure, was controlled. At a pouring temperature of 615°C, a microstructure with a fine and uniform distribution of the ¡-Al particles was obtained due to the low temperature difference between the surface and the center. When the pouring temperature was as high as 645°C, the particle density was decreased, generating several coarse, rosette-like ¡-Al particles.
In the rheo-diecasting process, the physical properties are improved through a subsequent heat treatment. In this study, the mechanical properties were improved by means of a T6 heat treatment, and the appropriate solution treatment and aging treatment temperature and duration were determined through hardness tests. The optimal hardness was obtained by a solution treatment for 6 h at 520°C and a subsequent aging treatment lasting 5 h at 160°C. It can be concluded that the present rheo-diecasting process with the Al7 mass%Si 4 mass%Cu2 mass%Ni1 mass%Mg alloy can provide a high quality of mechanical properties for piston parts compared to conventional gravitational metal mold casting. Fig. 11 Comparison of the high temperature creep properties between the gravitational metal mold cast and the rheo-diecast.
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